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AQUEOUS  EXPOSURES  OF  IRON 


By 

J.  Reiser 


INTRODUCTION 

Previous  reports  on  this  project  have  demonstrated  the 

possible  use  of  Raman  spectroscopy  for  studying  the  corrosion 
1-4 

of  iron  .  Included  in  these  reports  were  the  following: 

1.  The  Raman  spectra  of  pure  iron  oxide  and  oxyhydroxide 
powders  which  were  to  be  used  as  reference  spectra. 

2.  Spectra  which  showed  that  mixtures  of  these  pure  pow¬ 
ders  could  be  identified  by  Raman  spectroscopy. 

3.  Raman  spectra  showing  the  growth  of  an  oxide  film  on 
Armco  iron  exposed  to  air  at  250°  c. 

4.  The  Raman  identification  of  an  Fe^O^  film  formed  on 
Armco  iron  exposed  to  boiling  10  ^  M  NaOh. 

This  has  led  to  the  current  work  which  involves  the  characteri¬ 
zation  of  films  formed  on  iron  exposed  to  different  aqueous 
environments . 


EXPERIMENTAL  TECHNIQUES 

The  basic  equipment  and  techniques  of  Raman  spectroscopy 
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have  been  reviewed  in  previous  reports  .  This  report,  how¬ 
ever,  includes  additional  signal  averaging  techniques  which  have 
been  made  possible  by  interfacing  the  Raman  spectrometer  to  a 
NOVA  3/12  mini  computer. 
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The  computer  is  capable  of  sending  5-volt  pulses  to  the 
Raman  monochrometer  which  can  cause  it  to  scan  a  desired  re¬ 
gion  of  the  spectrum  in  either  a  forward  or  reverse  direction. 
Any  number  of  repetitive  scans  may  be  recorded  in  this  manner. 
Once  the  requested  number  of  runs  has  been  scanned,  the  computer 
can  average  the  individual  spectra  and  produce  a  new  signal- 
averaged  spectra.  This  new  spectrum  will  have  its  signal-to- 
noise  ratio  improved  by  a  factor  of  VR,  where  N  is  the  number  of 

5 

scans  averaged  .  These  techniques  have  enabled  the  identifica¬ 
tion  of  components  of  iron  oxide  films  which  would  have  other¬ 
wise  been  indistinguishable  from  the  background  noise. 

Figures  1  through  4  demonstrate  the  use  of  signal  averag¬ 
ing  in  identifying  different  iron  oxide  films.  Figure  1  shows 
the  spectrum  obtained  from  the  surface  of  an  Armco  iron  sample 
exposed  to  boiling  10-5  M  NaOH  for  40  hours.  Also  shown  in 
Figure  1  is  a  spectrum  produced  by  signal  averaging  10  separate 
runs.  When  this  is  compared  to  the  Raman  spectra  of  pure  Fe.jO^ 
(Figure  2)  it  can  be  seen  that  they  are  virtually  identical. 

This  positive  identification  would  have  been  difficult  without 
the  signal  averaged  spectrum. 

Figure  3  shows  the  spectrum  of  another  sample  of  Armco 
iron  versus  its  5x  signal  averaged  spectrum.  This  sample  was 
immersed  momentarily  in  dilute  I^SO^,  rinsed  with  distilled 
water  and  allowed  to  air  dry  over  night.  A  light  brown  "tar¬ 
nish"  developed  which  was  identified  as  n-FeOOH  by  comparing 
its  5x  siqnal  averaged  spectra  with  that  of  pure  a-FeOOH  (Fig¬ 
ure  4)  . 


EXPERIMENTAL  RESULTS 


Reference  Standards:  In  order  to  investigate  the  films  formed 
on  iron  it  was  first  necessary  to  synthesize  y-Fe203  and  ob- 
tain  its  Raman  spectra.  This  was  a  particularly  important 
iron  oxide  to  identify  for  two  reasons: 

1.  It  is  often  reported  as  a  corrosion  product  of  the 

6,7 

aqueous  corrosion  of  iron 

2.  It  is  almost  impossible  to  distinguish  y-Fe203  ^roiP 

Fe^O^  by  either  x-ray  or  electron  diffraction  methods. 

We  had  included  a  possible  spectra  of  y-Fe203  in  our  report 

2 

dated  January  1978  .  The  sample  used,  however,  had  been  pre- . 
pared  in  our  laboratory  and  it  was  discovered  that  a  (and  not  y) 

g 

Fe2C>3  had  been  formed.  A  different  synthesis  was  tried  and 
y-Fe203  was  produced  as  confirmed  by  x-ray  diffraction  analy¬ 
sis.  The  Raman  spectrum  of  y-Fe2C>3  is  very  similar  to  Fe3C>4. 
Figure  5  shows  spectra  of  both  oxides.  Fe3°4  shows  one  broad 
peak  at  approximately  667  cm  ^  while  the  y-Fe203  Raman  spectra 
consists  of  one  broad  peak  at  720  cm-1.  Mixtures  of  these  2 
compounds  generally  show  one  broad  unresolved  band  (Figure  5) . 
Simple  Immersion  Exposures:  Simple  immersion  experiments  were 
conducted  in  order  to  produce  films  of  different  compositions 
for  analysis.  Alexander  and  Foley  have  published  a  paper  de¬ 
monstrating  the  soluble  corrosion  products  of  iron  dissolution 

g 

and  their  dependance  on  the  anions  in  solution  .  It  was  thought 
that  perhaps  the  insoluble  corrosion  products  might  also  show 
a  dependance  on  the  anions  in  solution.  To  investigate  this 


hypothesis,  mechanically  polished  Armco  iron  samples  were  ex¬ 
posed  in  solutions  of  NaCl,  NaBr,  Nal,  Fa2S04,  artificial  sea 
water,  FeCl^,  NaClO^  and  NaNO^  at  a  pH  adjusted  to  2  by  dropwise 
addition  of  H^O^.  The  concentrations  were  the  same  as  those 
used  by  Alexander  and  Foley.  These  samples  were  allowed  to  sit 
in  Erlenmeyer  flasks  for  4-5  weeks.  At  the  conclusion  of  this 
time  the  samples  were  removed  and  rinsed  with  distilled  water 
and  methanol  before  Paman  spectra  were  recorded.  A  summary  of 
the  results  appears  in  Table  1.  From  this  table  some  possible 
trends  may  be  noted.  Practically  all  the  samples  showed  a 
significant  amount  of  y-FeOOH.  The  samples  exposed  to  the  sod¬ 
ium  halides  seem  to  have  formed  predominantly  y-FeOOH  (al¬ 
though  some  y-FeOOH  and  Fe^O^  was  also  detected) .  The  samples 

which  were  exposed  only  to  sulfate  anions  showed  the  most  in- 

g 

tense  a-FeOOH  peaks.  Detournay,  et.al.  ,  have  also  reported 
the  formation  of  a-FeOOH  in  the  presence  of  sulfates.  The 
sample  exposed  to  NaNO^  was  the  only  sample  on  which  y-Fe2C>3 
was  detected.  Alexander  and  Foley  also  observed  that  the  UV- 
visible  spectra  of  the  iron-NaNO^  solution  was  unlike  that  of 
any  of  the  other  solutions  they  had  tested.  This  sample  also 
corroded  much  more  rapidly  than  any  of  the  other  samples.  A 
light  tarnish  was  visible  in  about  12  hours  as  compared  to  about 
2  weeks  for  the  other  samples.  This  is  probably  due  to  the  oxi¬ 
dizing  ability  of  the  nitrate  anion. 

Potentio static  Exposures:  Raman  spectroscopy  has  been  used  to 
investigate  the  products  formed  on  Armco  iron  in  sulfate  solu¬ 
tions  under  different  conditions  of  potential  and  pH.  The  cell 
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used  for  these  exposures  is  the  same  one  described  in  Refer¬ 
ence  2.  For  two  of  the  exposures,  some  of  the  "sludge”  from 
the  bottom  of  the  cell  was  collected,  dried,  pressed  into  a  KBr 
pellet  and  the  Raman  spectra  were  recorded.  It  was  found  in 
some  cases  that  the  products  which  adhere  to  the  iron  surface 
were  different  from  the  iron  oxide  precipitate  that  was  collected 
as  sludge.  Table  2  summarizes  the  electrochemical  conditions 
and  the  products  seen.  In  the  first  exposure  listed  in  Table 

1  (potential  =  +  0.9V  SHE,  pH  =  1.0),  only  a-FeOOH  was  detected. 
This  was  the  product  predicted  from  the  iron-sulfate  Pourbaix 

g 

diagram  published  by  Detournay,  et.al.  .  It  also  confirms 
previous  University  of  Rhode  Island  work  on  simple  immersion 
exposures  which  implied  that  a-FeOOH  formation  is  influenced 
by  the  presence  of  sulfates.  The  third  exposure  listed  in  Table 

2  (potential  +0 . 8V  SHE,  pH  6.0)  produced  a  multicomponent  film 
composed  of  y—FeOOH,  a-FeOOH,  y-Fe203  and  Fe3C>4.  Such  a  situa¬ 
tion  cannot  be  predicted  from  a  Pourbaix  diagram  since  only  one 
compound  is  predicted  for  any  given  condition  of  potential  and 
pH^O.  The  sludge  from  this  cell  showed  that  the  precipitates 

in  the  solution  were  very  similar  to  the  composition  of  the  sur¬ 
face  film.  Figures  6  and  7  show  the  effects  of  signal  averag¬ 
ing  the  spectra  of  the  surface  and  sludge.  Figure  8  shows  the 
Raman  spectra  of  the  surface  compared  to  that  of  the  sludge. 

CONCLUSIONS 

Raman  spectroscopy  has  been  shown  to  be  an  effective  analy¬ 
tical  tool  in  studying  the  corrosion  of  iron.  All  of  the  most 
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important  aqueous  corrosion  products  of  iron  can  be  identified 
from  their  Raman  spectra.  Interpretation  of  these  spectra  is 
simple  and  straightforward.  Iron  films  containing  up  to  four 
different  components  have  been  successfully  characterized.  Both 
iron  surfaces  and  solution  precipitates  may  be  studied. 

FUTURE  WORK 

More  research  is  planned  regarding  the  experimental  veri¬ 
fication  of  potential-pH  diagrams.  This  will  include  work  on 
the  iron-sulfate  system  as  well  as  new  work  on  the  iron-chloride 
system.  The  effect  of  drying  on  iron  oxide  films  will  be  stu¬ 
died  by  comparing  spectra  of  dried  versus  in-si tu  films.  We 
will  also  extend  this  research  to  include  the  corrosion  pro¬ 
ducts  of  stainless  steels. 
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TABLE  1 


Simple  Immersion  Exposures  of  Armco  Iron 


Solution  Composition^" 

Time  of 

Exposure 

Compounds  Detected  By 

Raman  Spectroscopy 

0.1  M  NaCl 

39 

days 

y-FeOOH,  some  Fe3C>4 

0.1  M  NaBr 

30 

days 

y-FeOOH,  some  a-FeOOH 
and  some  Fe3C>4 

0.1  M  Nal 

39 

days 

y-FeOOH,  some  a-FeOOH, 
possibly  some  Fe304 

0.01  M  H2S04 

39 

days 

a-FeOOH,  y-FeOOH,  Fe304 
and  an  unknown  band 
at  525  cm- 

2 

Artificial  Sea  Water 

33 

days 

y-FeOOH,  Fe  ,C>4 ,  possibly 
some  a-FeOOH 

0.0003  M  FeCl3 

39 

days 

a-FeOOH ,  y-FeOOH,  possibly 

some  Feo0. 

3  4 

0.1  M  NaCl04 

39 

days 

y-FeOOH,  a-FeOOH,  possibly 
some  Fe3C>4 

0.05  M  NaNo3 

2 

days 

Y_Fe2°3 

All  of  these  solutions  were  brought  to  a  pH  of  2  by  dropwise 
addition  of  sulfuric  acid.  The  salt  concentrations  are  the 
same  as  those  used  by  Alexander  and  Foley  (Ref.  8)  with  the 
exception  of  NaBr. 

2 

Made  from  a  synthetic  sea  salt  mixture  purchased  from  Aquarium 
Systems,  Inc.,  Erstlake,  Ohio. 


TABLE  2 


Potentiostatic  Iron  Exposures 


Conditions 


Surface  Spectrum 
Observed 


Sludge  Spectrum 
Observed 


Pot.  +  1.15  V  vs  SHE 
pH  1  with  H2S04 
aerated 
23  hrs. 

25°  C 


a-FeOOH 


not  done 


Pot.  -0.30V  vs  SHE 

pH  6.5 

0.1  M  K_SO . 

—  .2  4 

aerated 


18  hrs. 
25°  C 


mos  t ly  6 - FeOOH ,  Fe  ^°4 

some  a-FeOOH  and 

Fe3°4 


6  and  a  FeOOH,  6  and  a  FeOOH  and 

Fe304  and  6-Fe203  Fe3°4 


Figure  1.  Raman  spectra  of  Armco  iron  exposed  to  10  K  NaOH  for  40  hours  vs.  a  lOx 
signal  averaged  spectrum  of  the  same  sample. 


Figure  3.  Raman  spectrum  of  an  Armco  iron  surface  that  was  exposed  to  dilute 
vs.  a  5x  signal  averaged  spectrum  of  the  same  sample. 


ARMCO  IRON  SURFACE 
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ELEC.  CELL 


ELEVATED  TEMPERATURE  GASEOUS  EXPOSURES 

By 

P.  Fab is 

INTRODUCTION 

The  purpose  of  this  phase  of  research  was  to  provide  a  ser¬ 
ies  of  relatively  thick  (hundreds  of  angstroms)  oxide  films 
formed  on  a  series  of  corrosion-resistant  alloys.  This  allowed 
determination  of  changes  in  infrared  and  Raman  spectra  on  metal 
substrates  under  conditions  where  confirming  techniques  such  as 
X-ray  diffraction  could  be  used  to  check  the  results. 

The  results  of  the  elevated  temperature  gaseous  exposures 
will  allow  comparisons  with  the  spectra  obtained  from  aqueous 
exposures  of  the  same  alloys,  which  can  be  expected  to  produce 
similar,  but  thinner,  oxide  surface  films. 

EXPERIMENTAL  ANALYSIS,  PROCEDURE,  AND  APPARATUS 

An  elevated  temperature  vacuum/multiple  gas  purging  system 
was  designed  and  constructed  to  enable  the  same  exposures  to 
be  done  while  varying  both  the  temperature  and  gas  composition. 

A  schematic  of  the  system  is  shown  in  Figure  1.  The  system  con¬ 
sisted  of  a  quartz  tube  5.0  cm  O.D.,  a  cooling  jacket,  a  female 
end  cap  (where  samples  were  loaded,  cooled,  and  unloaded) ,  a 
gas  mixing  rotometer,  a  gas  drying  and  purifying  assembly,  and 
an  electric  tube  furnace  capable  of  temperatures  between  ambient 
and  1600°  C.  Temperature  maps  of  the  oven  at  desired  experi- 
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mental  temperatures  were  constructed  to  obtain  the  optimum 
sample  position  in  the  oven  with  regard  to  temperature  stabil¬ 
ity. 

A  gas  flow  system  was  utilized  to  prevent,  insofar  as  pos¬ 
sible,  exhaustion  of  the  corroding  gas  in  the  carrier  gas.  For 
exposures  in  air  a  carrier  gas  was  not  used,  but  for  expos¬ 
ures  in  oxygen  and  in  the  hydrogen  sulphide-oxygen  mixtures  oxy¬ 
gen-free  nitrogen  served  as  a  carrier  gas.  The  gas  pressure  in 
the  system  was  monitored  by  a  mercury  manometer  and  maintained 
at  atmospheric  pressure. 

The  goal  of  the  infrared  analytical  section  of  this  research 
was  to  utilize  specular  and  not  diffuse  reflectance  techniques. 

A  schematic  of  the  specular  reflectance  apparatus  can  be  seen 
in  Figure  2.  The  sample  undergoing  analysis  had  to  be  flat  and 
its  exact  orientation  in  the  infrared  beam  had  to  be  reproducible 
A  commercially-available  Wilks  9D  specular  reflection  attachment 
was  initially  used  for  reflectance  work,  but  modified  attachments 
pictured  in  Figure  3,  similar  to  those  of  Mertens^,  were  de¬ 
signed  and  constructed  to  insure  constancy  and  reproducibility 
in  optimum  reflection  parameters. 

A  schematic  of  the  in-si tu  Raman  exposure  chamber  is  pic¬ 
tured  in  Figure  4.  in-situ  analysis  is  advantageous  since  it 
insures  alteration-free  analytical  procedures.  An  in-situ  Raman 
exposure  chamber,  exposure  apparatus,  and  peripheral  equipment 
were  designed  and  constructed  to  permit  in-situ  monitoring  of 
the  oxidation  process. 

Armco  iron,  AISI  Type  446  and  AISI  Type  502  stainless  steels 
and  two  grades  of  chromium  were  the  sample  metals  used  in  this 


research.  Their  compositions  are  shown  in  Table  1.  The  Armco 
iron,  AISI  Type  446  and  AISI  Type  502  stainless  steels  and 
the  electrolytic  grade  chromium  were  chemically  cleaned  in  a 
dilute  solution  of  glacial  acetic  and  perchloric  acid.  Sam¬ 
ples  were  then  mechanically  polished  to  a  mirror  surface  start¬ 
ing  with  60  grit  silicon  carbide  grinding  paper,  proceeding 
through  a  diamond  paste  to  a  0.3  micron  alumina  powder-dis tilled 
water  slurry  on  a  lapping  wheel.  Pure  chromium  foil  did  not 
lend  itself  to  mechanical  polishing.  The  iron,  stainless  steel, 
and  electrolytic  grade  chromium  were  approximately  2.8  x  5.7  cm 
and  the  chromium  foil  was  approximately  2.0  x  2.0  cm.  After 
surface  preparation,  all  samples  were  thoroughly  rinsed  in  dis¬ 
tilled  water,  ultrasonically  cleaned  in  spectroscopic  grade 
methanol,  and  dried  in  nitrogen  gas.  They  were  then  vacuum 
desiccated  to  minimize  ambient  temperature  air  oxidation. 

Following  removal  from  desiccation,  the  desired  samples 
were  loaded  into  the  quartz-tube  vacuum  system,  the  system  was 
evacuated,  and  then  extra-dry  research  purity  hydrogen  gas  was 
purged  into  the  tube  at  120°  C  to  insure  a  "clean"  unoxidized 
surface.  The  hydrogen  was  then  bled  out  of  the  system, and  the 
carrier-reaction  gas  mixture  was  purged  through  the  quartz  tube 
at  variable  exposure  temperatures  and  exposure  periods  as  shown 
in  Table  2.  Following  exposure,  samples  were  distilled  water 
quenched,  nitrogen  gas  dried,  and  mounted  for  spectral  analysis. 
An  exception  to  distilled  water  quenching  was  ambient  atmosphere 
cooling  upon  termination  of  in-si tu  exposures.  Atmospheric 
cooling  was  utilized  to  observe  the  formation  of  compounds  not 
stable  following  a  water  quench. 
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To  examine  surface  preparation  effects  on  spectrum  quality 
chemical  cleaning  followed  by  mechanical  polishing,  as  well  as 
solely  mechanical  polishing  preceeded  various  oxidation  expos¬ 
ures.  Raman  and  infrared  reflection  spectra  were  then  recorded 
and  compared  on  the  basis  of  resolution,  intensity,  and  instru¬ 
ment  noise  level. 

Raman  and  infrared  spectra  of  possible  iron  and  chromium 
oxides  present  in  surface  films  were  needed  for  reference  and 
comparison.  The  dominant  oxides  of  iron  (Fe2C>3,  Fe-^O^,  FeO)  ,  and 
chromium  (Cr202)  ,  under  proposed  experimental  conditions  were 
obtained  from  commercial  suppliers  and/or  synthesized  and  their 
Raman  and  infrared  spectra  recorded.  Reagent  grade  powdered 
oxide  samples  were  hydraulically  pelletized  with  a  KBr  matrix  , 
mounted  in  the  instrument,  and  their  spectra  recorded  while 
purging  the  sample  compartment  with  nitrogen  gas.  The  infrared 
spectra  were  recorded  in  the  transmission  mode, and  the  Raman 
spectra  were  recorded  with  the  samples  mounted  at  an  angle  of 
20°  from  vertical.  Double  oxides,  also  known  as  spinels,  of 
varying  composition  were  synthesized  and  used  for  surface  oxi¬ 
dation  product  identification  on  the  stainless  steel  samples. 
Infrared  Reflectance  System:  A  Perkin-Elmer  521  grating  in¬ 
frared  spectrophotometer  with  modified  reflectance  attachments 
and  a  Beckman  42 -POL  grating  polarizer  were  used  to  record  the 
infrared  reflection  spectra.  This  is  a  modification  of  the  in¬ 
strumentation  used  in  previous  studies  of  the  aqueous  corrosion 
of  lead  at  the  University  of  Rhode  Island.  A  schematic  of  the 
reflection  system  is  shown  in  Figure  5.  Radiant  energy  from  a 
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poly  chroma  tic  source  is  split  into  a  sample  and  a  reference  beam 
which  are  parallel.  A  commercially  available  reflection  attach¬ 
ment  was  initially  used  for  reflectance  work,  but  modified  attach- 

4 

ments,  similar  to  those  of  Mertens  ,  were  designed  and  constructed 
to  insure  constancy  and  reproducibility  in  the  optimum  reflec¬ 
tion  parameters  --  the  beam  incidence  angle  and  the  number  of 
reflections . 

The  multiple  reflection  attachment  allowed  radiation  reflec¬ 
tion  between  a  sample-mirror  pair  in  the  sample  beam  and  a 
mirror-mirror  pair  in  the  reference  beam,  at  adjustable  angles 
of  incidence  from  30°  to  70°.  These  attachments  were  previously 
shown  in  Figure  3.  The  rectangular  morphology  of  the  aluminum- 
coated  mirrors  and  of  the  sample  in  the  reflectance  attachment  dic¬ 
tated  orientation  are  such  that  radiation  was  reflected  along  the 
major  axes  of  the  sample  and  the  mirrors  to  maximize  the  signal 
to  noise  ratio.  Multiple-sized  precision  spacers  allowed  in- 
terchangability  and  sensitivity  control.  A  maximum  of  about  40 
reflections  could  be  obtained  with  quality  mirrors  and  sample 
surfaces.  The  focusing  scheme  was  executed  with  three  spheri¬ 
cal  mirrors  and  one  planar  mirror.  The  reflection  attachment 
was  mounted  on  the  optical  chassis  of  a  Wilks  9D  specular  re¬ 
flectance  apparatus. 

The  spectrometer  was  adjusted  for  spectrum  recording  by 
careful  beam  balancing.  Maximum  reflectivity  in  the  reference 
beam  was  obtained  by  operating  the  spectrometer  in  the  single¬ 
beam  mode  and  Simula taneously  adjusting  the  aluminum-coated 
mirrors  in  the  reflection  apparatus.  Once  a  satisfactory  re- 
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flectivity  was  obtained,  the  polarizer  was  mounted  directly  in 
front  of  the  main  slits.  Samples  were  mounted  versus  an  alumi¬ 
num  planar  mirror  in  the  reflection  attachment# and  the  sample 
apparatus  was  positioned  in  the  spectrometer  light  path.  Ad¬ 
justments  to  maximize  the  number  of  reflections  and  the  beam 
incidence  angle  were  performed  by  mirror  alignment  procedures. 

The  reference  beam  is  identical  to  the  sample  beam  with  the 
exception  of  a  mirror  assuming  the  sample  position  in  the  re¬ 
ference  reflection  attachment.  The  reference  beam  then  encount¬ 
ers  an  optical  attenuator  to  equalize  the  sample  and  reference 
beam  intensities.  A  sector  mirror  in  the  monochromator  compart¬ 
ment  then  modulates  the  beam  to  establish  a  switching  frequency 
allowing  time  for  detector  response.  After  sample  and  reference 
beam  combination,  the  beam  passes  through  a  wire  grid  polari¬ 
zer.  Polarizer  adjustment  allows  only  the  electric  vector  of 
light  parallel  to  the  plane  of  incidence  to  be  transmitted. 

The  advantage  of  spectral  polarization  is  shown  in  Figure  6. 

The  components  of  radiation  perpendicular  to  the  incident  plane, 
E,  are  selectively  filtered  to  increase  instrument  sensitivity. 
To  insure  that  the  maximum  sensitivity  was  obtained  in  the 
modes  (electric  vector  of  radiation  parallel  to  incident  plane) 
all  spectra  were  recorded  in  the  and  E^  modes.  Next,  the 
beam  is  directed  into  the  monochromator  where  the  radiation  is 
dispersed  into  its  component  frequencies  and  transmitted  to 
the  detector.  The  detector,  a  sensitive  thermocouple,  trans¬ 
duces  the  temperature  due  to  the  impinging  infrared  radiation 
to  an  electrical  signal  indicating  the  magnitude  of  the  inci- 
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dent  power.  A  servo  motor  controls  the  optical  attenuator  and 
the  resulting  reflection  spectrum  is  a  record  of  attenuator 
position.  The  actual  "reflection"  spectrum  is  a  combination 
transmission-reflection  spectrum  since  the  radiation  is  trans¬ 
mitted  through  the  film  and  reflected  from  the  substrate  metal 
surface . 

In  all  cases,  a  preliminary  spectrum  was  recorded  and  from 
it  the  necessary  adjustments  in  polarizing  angle,  incidence 
angle,  and  number  of  reflections  to  maximize  instrument  sensi¬ 
tivity  were  determined.  The  beam  incidence  angle  was  between 
65°  and  72°  and  from  two  to  eight  reflections  were  usually  em¬ 
ployed.  Polarizer  settings  were  determined  by  adjusting  the 
polarizing  angle  while  the  instrument  wavelength  was  centered 
on  one  of  the  reflection-absorption  bands.  Once  optimum  con¬ 
ditions  were  obtained,  the  spectrum  was  recorded  from  2500 
wavenumbers  to  250  wavenumbers.  The  sample  compartment  was 
continuously  purged  with  nitrogen  gas  during  spectrum  record¬ 
ing  to  minimize  carbon  dioxide  and  water  vapor  band  interfer¬ 
ences.  This  problem  was  an  important  experimental  considera¬ 
tion  since  both  water  vapor  and  metal  oxides  have  absorption 
bands  in  the  long  wavelength  region  (below  600  cm-1)  of  the 
spectrum.  Scale  expansion  techniques  were  available  but  were 
unnecessary  since  all  infrared  spectra  were  well  defined.  Gold- 
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farb  reported  the  use  of  scale  expansion  techniques  to  enhance 
infrared  reflectance  spectra  of  lead  in  phosphate  buffers. 

In-situ  infrared  spectroscopy  was  attemped,  but  due  to  sam¬ 
ple  chamber  size  limitations  and  reflecting  mirror  surface  oxi¬ 
dation  problems,  the  recording  of  spectra  was  impossible. 
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Raman  System:  The  Raman  system  is  composed  of  a  laser,  a  sample 
compartment  and  exposure  cell,  optical  monochromators  and  a  pho¬ 
ton  detection  system.  The  laser  is  a  source  of  monochromatic 
radiation  which  impinges  on  the  sample.  Most  of  this  radiation 
is  reflected  from  the  sample  and  does  not  undergo  a  wavelength 
change.  There  is  an  interaction  between  the  incident  radiation 
and  the  surface  which  results  in  an  energy  loss  and  an  emission 
of  radiation  at  wavelengths  other  than  that  of  the  incident  ra¬ 
diation.  This  emitted  radiation  is  measured  as  the  Raman  spec¬ 
trum. 

Using  a  Spex  Industries  Model  1401  double  monochromator 
with  a  photon  counting  system,  Raman  spectra  were  recorded  em¬ 
ploying  the  5145  A°  green  excitation  wavelength  radiation.  An 
optical  schematic  of  the  instrument  layout  is  pictured  in  Figure 
7.  A  coherent  Radiation  Laboratories  Model  CR-3  Argon  ion  laser 
was  located  beneath  the  monochromator,  and  the  monochromatic 
radiation  was  reflected  by  a  mirror  through  the  sample  compart¬ 
ment  to  the  sample.  Some  of  the  radiation  is  scattered  and  a 
focusing  lens  is  positioned  allowing  the  beam  to  be  sharply 
focused  on  the  entrance  slits  of  the  monochromator.  Radiation 
passing  through  the  slits  is  collimated  by  a  mirror  and  dis¬ 
persed  by  a  grating.  The  radiation  is  then  frequency  sorted 
and  directed  by  a  collimating  mirror  and  a  plane  mirror  to  a 
set  of  intermediate  slits.  This  narrow  frequency  band  of  radia¬ 
tion,  which  has  passed  through  the  first  monochromator,  then 
passes  through  a  second  monochromator  to  maximize  the  rejection 
of  stray  radiation;  it  then  reaches  the  photomultiplier  tube. 
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The  number  of  photons  per  unit  time  interval  is  converted  to  an 
analog  signal  which  drives  the  strip  chart  recorder.  A  fre¬ 
quency  range  is  scanned  by  turning  the  two  gratings  in  the  mono¬ 
chromator  simultaneously  so  the  frequency  of  the  radiation 
reaching  the  detector  is  changed.  Therefore,  the  Raman  spectrum 
recorded  is  a  plot  of  radiation  intensity  versus  frequency  dif¬ 
ference  from  the  excitation  frequency.  This  concept  is  pictorially 
represented  in  Figure  8. 

In  order  to  optimize  observation  of  Raman  scattered  radia¬ 
tion,  the  oxidized  metal  sample  was  oriented  at  an  angle  of  20° 
from  vertical.  Greenler  and  Slager^  indicated  that  the  incident 
beam-sample  surface  angle  determines  the  intensity  of  the  re¬ 
action  between  the  incident  radiation  electric  vector  and  the 
surface  film.  This  angle  also  regulates  the  amount  of  stray 
radiation  entering  the  monochromator.  Since  only  the  scattered 
component  of  impinging  radiation  should  reach  the  entrance 
slits,  the  sample  orientation  must  prohibit  specularly  reflected 
radiation  from  reaching  the  focusing  lens  and  eventually  the 
monochromators  and  detector. 

As  previously  mentioned,  in-situ  analysis  is  advantageous 
because  it  insures  alteration-free  analytical  procedures.  The 
high  temperature  in-situ  Raman  exposure  apparatus  is  composed 
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of  a  standard  exposure  cell,  similar  to  that  used  by  Thibeau  , 
modified  for  high  temperature  gaseous  exposures.  Samples  to  be 
oxidized  in-situ  were  mounted  with  the  unpolished  surface  against 
the  coils  of  a  platinum  wire  contact  resistance  heater  arranged 
in  the  elevated  temperature  Raman  cell  as  shown  in  Figure  4. 
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The  oxidation  temperature  and  its  stability  was  monitored  by  a 
chrome 1- a lumel  thermocouple.  The  entrance  and  exit  gas  ports 
allowed  thorough  oxidation  atmosnhere  exchange  during  metal 
exposures . 

There  is  a  beam  modulator  incorporated  in  the  system  for 
in-si tu  elevated  temperature  analysis.  The  scattered  radiation 
necessary  for  Raman  spectrum  generation  must  be  separated  from 
the  interferring  emission  radiation.  The  emission  radiation  de¬ 
creased  instrument  sensitivity  by  overloading  the  monochromators 
with  unwanted  radiation.  This  difficulty  was  eliminated  by 
modulation  of  the  laser  source.  The  intensity  of  the  laser  beam 
was  fluctuated  at  a  constant  frequency.  The  photomultiplier 
detector  then  received  two  types  of  signals,  an  alternating  one 
from  the  source  and  a  continuous  one  from  the  elevated  tempera¬ 
ture  emission.  These  signals  were  converted  to  corresponding 
electrical  signals.  A  simple  electronic  system  was  utilized  to 
respond  to  and  amplify  the  AC  signal  component  and  ignore  the 
unmodulated  DC  component.  A  circular  sectored  disk  was  inter¬ 
posed  in  the  beam  between  the  laser  source  and  the  heated  sam¬ 
ple.  The  disk  was  sectored  to  create  modulated  radiation  pulses. 
Rotation  of  the  disks  at  a  constant  rate  provided  an  intermit¬ 
tent  beam  that  was  chopped  to  the  desired  frequency  by  control 
of  the  motor  speed.  The  design  of  the  beam  modulation  system 
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was  adapted  and  modified  from  a  discussion  by  Skoog  and  West  . 
X-Ray  Diffraction:  The  X-ray  diffraction  patterns  of  synthesized 
compounds,  of  analytical  reagents,  and  of  selected  surface  film 
compounds  were  recorded.  These  patterns  were  recorded  on  a 
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General  Electric  11GJ1  X-ray  unit  with  copper  and  chromium  tar¬ 
gets.  The  beam  slit  width  was  3  degrees;  filtration  —  2  nic¬ 
kel;  soller  slit  —  medium;  time  constant  —  1  second;  scaling  — 
linear  and  logarithmic;  and  a  maximum  2000  counts  per  second  at 
full  scale  deflection. 

Scanning  Electron  Microscope:  Samples  to  be  observed  were  cut 
to  enable  them  to  fit  in  the  vacuum- observation  chamber  of  the 
SEM.  The  sample  size  was  approximately  5  mm  x  5  mm.  Following 
a  previously  outlined  surface  preparation  procedure,  the  sam¬ 
ples  were  exposed  under  the  desired  experimental  conditions. 

Upon  cooling,  samples  were  epoxy  glued  to  a  mounting  stud,  sil¬ 
ver  painted  on  non-conducting  surfaces,  and  left  to  dry  for  24 
hours . 

All  samples,  though  good  conductors,  were  coated  with  a 
go Id- palladium  film  utilizing  a  vapor  depbsition  apparatus  to 
enhance  the  resolution  of  the  microscope.  A  Hitachi  Model  USG- 
46B  vacuum  evaporator  was  used. 

SEM  observation  utilized  a  Hitachi  Scanscope  SSM-2  and 
all  magnifications  were  between  (50x)  and  (2000x). 

Micrographs  were  taken  using  a  Tektronix  oscillosoope 
camera  Model  C-27  with  F  1.4  to  F  16  optics  and  a  1:1  magnifica¬ 
tion  ratio. 

Polaroid  #665  positive-negative  land  film  with  an  ASA  rat¬ 
ing  of  75  was  used  for  all  pictures  with  a  photometer  reading  of 
80-85  and  an  aperture  setting  of  F  16. 

Interference  Microscopy  —  Film  Thickness:  Upon  completing  all 
other  analyses,  the  oxidized  samples  were  partially  etched  in 
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a  solution  of  nitric  acid  (23  percent  by  volume) ,  hydrofluoric 
acid  (4  percent  by  volume),  and  water  (73  percent  by  volume). 

The  samples  were  immersed  in  the  above  solution  at  about  50-55° 

C  for  1  to  5  minutes.  Prior  to  etching  the  desired  etch  area 
was  dipped  in  hot  water  to  aid  in  increasing  the  rate  of  film 
removal.  Upon  completion  of  the  etching  process,  samples  were 
distilled  water  rinsed,  nitrogen  gas  dried,  and  desiccated. 

The  sample  was  then  placed  in  a  vacuum  evaporator  and  coated 
with  silver.  The  over-coating  faithfully  contoured  the  step 
produced  by  the  etching  procedure.  The  overcoated  silver  had 
on  it  a  step  equal  in  metrical  thickness  to  that  of  the  film. 

In  this  technique  there  was  an  inherent  assumption  that  the  film, 
before  overcoating,  is  continuous.  Silver  is  used  as  a  reflec¬ 
tive  coating  due  to  its  high  reflectivity  and  low  absorption 
characteristics.  This  process  is  shown  in  Figure  9. 

A  Unitron  MeC  Series  N  inverted  stage  metallographic  micro¬ 
scope  and  the  interference  microscopy  attachments  were  utilized 
in  measuring  the  film  thickness.  Samples  were  observed  soon 
after  the  silver  coating  procedure  since  the  silver  film  can 
oxidize  rapidly  and  produce  spotty  images.  The  oxidation  pro¬ 
duct  also  is  able  to  absorb  more  light  and  decrease  the  sensi¬ 
tivity  of  the  method.  To  prevent  silver  oxidation  problems,  a 
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thin  layer  of  SiC^  may  be  evaporated  on  to  the  silver  . 

The  Model  NUM-INT  Interference  accessories  converted  a  Uni¬ 
tron  Series  N  Metallograph  into  a  multiple-beam  micro  inter¬ 
ferometer.  The  accessories  consisted  of  a  lOx  interference  ob¬ 
jective,  an  accurate  "proof  plate"  which  attached  to  the  objec¬ 
tive,  and  a  cadmium  interference  filter  used  in  conjunction 
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with  the  light  source.  In  use,  the  fine  focus  control  was  used 
to  bring  the  objective  proof  plate  into  contact  with  the  speci¬ 
men  surface.  Interference  fringes  were  produced  by  multiple 
reflections  between  the  specimen  and  the  plate.  The  fringes 
superimpose  a  contour  map  on  the  specimen  image.  Since  the  dis¬ 
tance  between  adjacent  fringes  corresponds  to  a  difference  in 
height  of  one-half  the  wavelength  of  the  illuminating  light, 
the  extent  of  the  surface  irregularity  could  be  measured.  Table 
2  presents  the  film  thickness  measurements  for  the  exposures  of 
this  investigation. 

RESULTS  AND  DISCUSSION 

AIR  EXPOSURES 

Oxide  Films  Formed  on  Iron:  Infrared  reflectance  spectra  of 
Armco  iron  exposed  at  various  temperatures  in  air  are  shown 
in  Figure  10.  These  spectra  closely  resemble  those  obtained  by 
Poling10,  Goldfarb5  and  Mertens1.  Between  the  oxidizing  tem¬ 
peratures  of  250°  C  and  460°  C  the  relative  band  intensities 
increase  approximately  three-fold.  From  460°  C  to  880°  C  the 
band  frequency  shifts  become  the  dominant  feature  while  the 
band  intensities  remain  approximately  constant  or  decrease 
slightly.  At  lower  temperatures,  250°  C  to  460°  C,  initial 
oxidation  products  observed  were  Fe2°3  anc*  Fe3°4*  was  dif- 

ficult  to  distinguish  between  a  -  Fe 3  an<*  Y  ~  Fe2°3  ^ue 
the  close  proximity  of  spectral  bands  for  each  polymorph  and 
due  to  the  poorly  defined  bands  for  y  -  Fe20-j.  X-ray  analysis 
confirmed  the  presence  of  y  -  FejO^.  At  lower  oxidizing  tempera- 
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tures  the  oxide  film  composition  consisted  of  intricate  struc¬ 
tures  of  F©2°3  Poiy morphs  and  Fe^O^  similar  to  those  reported  by 
Mertens^.  The  lower  oxidation  temperatures  produced  bands  of 
greatest  spectral  intensity  at  655  cm-^  which  could  be  attri¬ 
butable  to  y  -  Fe2^3  an<^  Fe3°4‘  Moderate  band  intensities  at 
320  cm  \  465  cm  ^  and  560  cm-'*'  indicate  the  presence  of  a  -  Fe203. 
As  the  temperature  was  increased  to  670°  C  and  880°  C,  a  -  Fe20^ 
bands  were  the  prevalent  spectral  features.  At  670°  C  an  unas¬ 
signable  band  at  762  cm  ^  vanishes  at  850°  C  and  a  moderate  band 
at  650  cm  ^  with  a  635  cm  1  shoulder  appears.  The  intensity 
of  the  a  -  Fe20^  bands  increased  with  a  660  cm  ^  band  intensity 
reduction . 

Figure  11  shows  the  Raman  spectra  for  Armco  iron  under 
identical  exposure  conditions.  These  spectra  closely  resemble 
those  obtained  by  Thibeau7.  The  presence  of  spectral  bands  at 
230  cm  ,  245  cm  ,  300  cm  \  415  cm  \  and  610  cm  \  at  all 
oxidizing  temperatures  confirms  the  presence  of  a  -  Fe2C>2  and 
a  band  at  663  confirmed  the  presence  of  Fe^O^.  At  oxidizing 
temperatures  above  570°  C,  FeO  is  a  stable  oxide  phase.  The 
Raman  spectra  for  FeO  and  Fe^O^  are  identical,  with  bands  at 
615  cm  1  and  665  cm  \  so  alternate  analytical  methods  were 
employed  to  distinguish  between  these  components.  X-ray  dif¬ 
fraction  patterns  of  these  samples  indicated  the  presence  of 
FeO  and  Fe^O^  at  460°  C,  670°  C  and  880°  C.  Evidence  for  FeO 
existence  in  the  460°  C,  15  hour  exposure  obtained  from  X-ray 
analysis  confirmed  earlier  reports  by  Gulbransen  and  Ruka^ 
of  FeO  stability  below  570°  C.  Two  explanations  can  be  offered 
for  the  similarity  of  Raman  spectra  of  FeO  and  Fe^O^. 


The 
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Fe  -  O  bond  vibrations  in  FeO  and  Fe.^  may  be  nearly  the  same, 

thus  the  same  spectral  bands  are  observed  for  both  compounds. 

The  other  possibility  is  that  FeO  is  metastable  below  570°  C 

and  decomposes  into  the  more  stable  Fe^O^  and  elemental  iron 

due  to  laser  heating  and  absorption  of  radiation.  Since  FeO 

and  Fe^O^  are  black  in  color,  visible  light  can  be  strongly  ab- 

7 

sorbed  causing  thermal  decomposition  .  The  effect  of  sample 
decomposition  via  laser  heating  can  be  offset  by  diminishing  the 
laser  power  and/or  by  inserting  neutral  density  filters  in  the 
beam  path.  Sample  rotation  during  Raman  analysis  was  contem¬ 
plated  as  well  as  utilizing  an  alternate  excitation  radiation 
wavelength,  4880  A°,  to  minimize  sample  decomposition.  Other 
methods  mentioned  previously,  such  as  using  neutral  density 
filters  proved  to  be  more  effective  in  these  analyses. 

Oxide  Films  Formed  on  Chromium:  Raman  spectra  for  pure  chromium 
oxidized  in  air  for  15  hours  at  elevated  temperatures  are  pre¬ 
sented  in  Figure  12.  The  strongest  spectral  band  is  at  569  cm 
with  secondary  dominant  peaks  at  303  cm  1  and  348  cm  \  and 
weaker  bands  at  612  cm  ^  and  437  cm  ^ .  The  above  mentioned 
bands  are  common  to  all  elevated  temperature  chromium  exposures 
and  indicate  the  oxidation  product  to  be  Only  the  880°  C 

exposure  had  additional  distinguishable  bands  which  were  located 
at  392  cm  \  648  cm  \  and  656  cm  These  additional  bands 

could  be  attributable  to  the  effect  of  chromium  existing  at  a 

2 

higher  oxidation  state  as  reported  by  Mertens  from  his  infrared 
reflection  spectra  of  oxidized  chromium  in  oxygen.  Infrared 

■i 

reflection  spectra  were  not  obtained  for  pure  chromium^due  to 
sample  size  limitations. 
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Chromia,  Cr20 3,  is  reported  to  be  an  oxidation  product  of 

12  13 

elevated  temperature  air  exposure  of  chromium  '  .  The  ele¬ 

vated  temperature  oxide  film  component  on  chromium  was  found  to 
be  only  Cr203.  The  scale  spalled  and  flaked  off  quite  easily 
after  exposure  to  higher  temperatures,  so  scale  adherence  seemed 
poor.  At  high  oxidation  temperatures,  nitrogen  has  been  reported 

to  be  taken  into  solid  solution  and  form  Cr2N  upon  cooling  in 
12 

air  .  A  water  quench  following  oxidation  would  retain  the  ni- 

14 

trogen  in  solution  .  In  this  investigation,  all  elevated  tem¬ 
perature  chromium  exposures  were  distilled  water  quenched  so 
bands  attributable  to  Cr2N  should  not  have  been  and  were  not  ob¬ 
served. 

Cr2C>3  has  also  been  reported  as  the  sole  oxidation  product 

12 

on  chromium  after  heating  in  oxygen  at  various  temperatures 
This  is  valid  for  temperatures  below  1600°  C,  but  above  this 
temperature  and  at  higher  oxygen  pressures,  Cr02,  Cr507,  Cr2°5' 
<"r3<^>8  anc^  ('r03  may  form^.  These  may  be  metastable  phases  and 
a  higher  oxygen  pressure  may  be  a  necessity  for  their  forma¬ 
tion.  Cr3°4  is  reported  as  a  stable  product  in  strongly  reduc- 

o  15 

ing  conditions  and  at  temperatures  greater  than  1600  C 
Oxide  Films  on  Stainless  Steels:  A  pai..  of  commercial  iron- 
chromium  alloys,  AISI  Type  446  and  AISI  Type  502  was  selected 
on  the  basis  of  chromium  content.  AISI  Type  446  stainless  steel 
contained  24.6  weight  percent  chromium  and  AISI  Type  502  stain¬ 
less  steel  contained  5.14  weight  percent,  relative  to  AISI  446 
with  only  0.37  weight  percent  silicon. 
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Examples  of  infrared  reflectance  spectra  for  AISI  Type  446 
stainless  steel  and  AISI  Type  502  stainless  steel  oxidized  at 
various  temperatures  in  air  for  15  hours  are  shown  in  Figure  13 
and  Figure  14,  respectively.  The  bands  of  greatest  intensity 
are  located  in  the  425  cm  1  to  750  cm  1  range.  Bands  of  lesser 
intensity  were  observed  on  both  sides  of  this  range,  the  higher 
temperature  exposures  resulting  in  the  higher  frequency  bands 
becoming  the  more  dominant  bands.  The  880°  C  exposures  exhibited 
greater  band  multiplicity  below  the  dominant  bands  in  the  proxi¬ 
mity  of  730  cm  1 .  The  460°  C  exposures  had  a  greatly  decreased 
band  intensity  and  a  negligible  band  multiplicity  below  the  most 
dominant  peak. 

Bands  suggesting  FeO,  Fe^O^,  and  a  -  Fe-jO^  are  present,  but 
the  dominant  band  at  737  cm  1  suggests  a  spinel  phase  perhaps 
consisting  of  FeO’Cr^^1.  According  to  Mertens1,  the  stoichio¬ 
metric  spinel,  Fe0*Cr203,  would  produce  a  single,  symmetrical 
band  in  this  region  since  all  metal  oxides  that  were  investigated 
gave  symmetrical  longitudinal  modes  at  specific  frequencies. 
McCullogh,  et.al.,  have  identified  this  phase  on  18-8  chromium- 
nickel  and  16  percent  chromium  steels16.  The  bands  attributable 
to  the  spinel  phase  vanish  in  the  lower  temperature  exposures 
since  the  spinel  phase  may  only  be  stable  to  about  800°  C1^ ,  but 
a  Cr 2® 2  phase  remains  evident.  The  oxide  film  at  lower  expos¬ 
ure  temperatures  exhibits  some  heterogeneous  mixture  of  Fe^^ 
and  C^O^. 

The  solitary,  dominant  band  at  638  cm  1  on  AISI  Type  502 
stainless  steel  at  460°  C  for  15  hours  was  assigned  to  y  -Fe^^. 
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Other  characteristic  bonds  were  observed.  Although  Cr  is  selec¬ 
tively  oxidized  to  elevated  temperature  exposures  on 

12  -1 
stainless  steels  ,  the  strong  bands  of  CrjO^  at  710  cm  and 

522  cm  ^  were  not  observed.  This  may  be  due  to  the  low  chromium 
content  of  this  alloy.  Higher  frequency  bands  may  be  attribu¬ 
table  to  Si-0  bonds.  Mertens1  makes  no  definite  assignment, 
but  suggests  a  Si02  component,  metal-silicate  phases,  or  chro¬ 
mium  existing  in  higher  oxidation  states  as  possible  causes  for 
higher  band  frequencies  on  AISI  Type  304,  AISI  Type  316,  and 
AISI  Type  410  stainless  steels  at  850°  C  in  pure  oxygen.  If 
metal  silicates  are  present  this  would  hint  at  layer  which 
is  nonprotective  against  oxidation  since  the  metal  silicates 
are  low  melting  eutectics.  Metal  silicates  such  as  FeSiO^, 
were  not  observed  on  AISI  Type  502  or  AISI  Type  446  using  Raman, 
infrared,  or  X-ray  analysis. 

Raman  spectra  for  these  alloys  subjected  to  identical  con¬ 
ditions  are  shown  in  Figure  15  and  Figure  16.  The  bands  of 
greatest  intensity  tend  to  be  wide  when  compared  with  the  bands 
of  the  pure  oxides.  This  is  an  indication  of  the  presence  of 
compound  mixtures.  Due  to  the  simplicity  and  relatively  distant 
spacing  of  bands  in  the  Raman  spectra  of  iron  oxides  and  chromium 
oxide,  the  identification  of  compounds  in  such  a  mixture  at  low 
exposure  temperatures  is  not  difficult.  Unlike  the  broad  over¬ 
lapping  bands  in  the  infrared  spectra  of  these  compounds,  the 
relatively  narrow  Raman  bands  allow  a  more  rapid  identification 
of  compounds  comprising  a  given  mixture.  Lower  exposure  tempera¬ 
ture  spectra  for  AISI  Type  502  stainless  steel  exposed  for  15 
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hours  in  air  are  presented  in  Figure  16  and  suggest  ot  -  Fe20.j 
and  components  and  an  emerging  and  increasing  Fe^O^  com¬ 

ponent.  At  the  maximum  exposure  temperature  of  880°  C  bands 
attributable  to  the  spinel  phase,  Fe0*Cr203,  appeared  at  the 
expense  of  decreasing  and  eventually  vanishing  FeO  bands  which 
can  be  observed  in  Figure  16.  The  spinel  occurrence  was  con¬ 
firmed  by  comparison  with  Raman  and  X-ray  analyses  of  laboratory 
synthesized  spinels.  Cr2°3  kands  were  present  at  all  exposure 
temperatures . 

Spectra  at  lower  temperatures  on  AISI  Type  446  stainless 
steel  oxidized  in  air  for  15  hours  are  seen  in  Figure  15.  AISI 
Type  446  and  AISI  Type  502  stainless  steel  exposures  exhibited 
somewhat  similar  spectral  trends.  Initial  formation  of  a  -  Fe203 , 
Fe^O^  and  Cr203  is  indicated.  With  increasing  exposure  tempera¬ 
tures  a  heterogeneous  surface  mixture  of  Fe203  and  Cr203  is 
prevalent  and  once  the  maximum  exposure  temperature  of  880°  C 
is  attained,  a  spinel  phase  emerges  as  Fe0-Cr203.  At  these  ele¬ 
vated  temperatures,  Cr203  and  Fe-jO^  bands  are  also  observable. 
Faint,  higher  frequency  bands  could  be  attributable  to  FeO,  but 
spinel  presence  can  exclude  a  FeO  phase.  Although  not  very 

17 

strong,  contrary  to  information  reported  by  Saksena  ,  The  Raman 

band  for  Si02  (a  -  quartz)  at  466  cm  ^  was  observed  on  both  alloys 

during  the  elevated  temperature  exposures  in  air.  The  Raman 

bands  for  a  -  cristobalite  at  493  cm  ^  and  456  cm  ^  for  vitreous 

1 8 

silica,  as  reported  by  Reitzel  ,  were  also  not  well  defined  in 
any  spectra  as  would  be  expected. 
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Figures  17  and  18  show  scanning  electron  micrographs  of 
the  surface  oxides  of  AISI  Type  502  and  AISI  Type  446  stainless 
steels  after  15  hours  exposure  in  air  at  670°  C.  Scale  break¬ 
down  is  apparent.  The  breakthrough  sites  are  highly  localized 
and  randomly  distributed  on  the  surface;  this  results  in  the 
warts  or  nodules  of  a  duplex  structure  consisting  of  an  inner 

layer  of  spinel  oxide  and  an  outer  layer  of  "doped"  ferric 
19  20 

oxide  '  .  Depending  upon  alloy  composition  and  oxidizing 

conditions,  the  nodules  may  expand  laterally  until  the  entire 

21 

surface  is  covered  with  a  stratified  scale  .  Two  theories 

have  been  proposed  for  the  scale  alteration.  There  may  be  a 

chemical  mechanism  that  is  operative  where  the  protective  scale 

is  penetrated  by  iron  ions  causing  transformation  to  the  spinel 

22 

oxide  and  producing  ferric  oxide  at  the  outer  surface  .  The 
other  possibility  is  that  scale  cracking  occurs  and  the  under¬ 
lying  alloy,  depleted  in  chromium  reacts  directly  with  the  at- 

22 

mosphere  producing  the  spinel  oxide  and  outer  iron  oxides 
In  either  case,  a  stratified  scale  is  generated  over  the  whole 
or  part  of  the  surface.  AISI  Type  446  stainless  steel,  the 
higher  chromium  content  alloy,  had  very  few  nodular  growths 
at  670°  C.  The  460°  C  and  250°  C  exposures  exhibited  no  no¬ 
dules,  and  the  scale  was  apparently  continuous.  AISI  Type  502 
stainless  steel,  the  lower  chromium,  higher  silicon  content 
alloy,  exhibited  nodule  growth  down  to  460°  C.  There  were  also 

scale  cracks  at  670°  C  which  could  be  attributed  to  silica 

22 

accumulation  at  the  metal-oxide  interface  .  An  alternate  ex¬ 
planation  is  that  the  scale  fracturing  may  be  due  to  compressive 
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stresses  in  the  oxide  resulting  in  nonuniform  oxide  growth.  The 

thermal  expansion  characteristics  of  oxide  and  substrate  metal 

are  also  considerably  different  and  this  may  result  in  tensile 

23 

stress  nonuniformity.  Hobby  and  Wood  have  noted  that  scale 
breakdown  does  not  seem  to  occur  for  alloys  of  high  chromium 
content,  particularly  at  low  service  temperatures.  This  is 
evident  in  the  AISI  Type  446  stainless  steel  micrographs  at 
lower  exposure  temperatures.  Whether  a  spinel  oxide  scale  is 

12 

beneficial  in  the  protective  sense  is  still  a  debatable  topic 
The  Effects  of  Exposure  Period;  The  effect  of  exposure  period 
was  also  investigated  for  AISI  Type  446  and  AISI  Type  502 
stainless  steels.  Shown  in  Figure  19  are  the  infrared  reflec¬ 
tance  spectra  for  these  alloys  at  670°  for  10  and  24  hours  ex¬ 
posure  in  air.  Noticible  with  increased  exposure  period  was 
increased  band  intensity  and  multiplicity,  greater  band  resolu¬ 
tion,  and  overall  spectral  enhancement.  Longer  exposure  per¬ 
iods  increase  oxide  film  thickness  so  relative  band  intensities 
attributable  to  a  specific  compound  may  be  assessed  as  a  quali¬ 
tative  measurement  of  the  quanity  of  an  oxide  phase  present. 

The  Raman  spectra  for  the  same  samples  are  shown  in  Figure  20 
and  analogous  interpretations  can  be  made  for  these  spectra  as 
for  the  infrared  reflectance  spectra. 

In-Situ  Raman  Spectra:  In-situ  Raman  exposures  of  AISI  Type  446 
and  AISI  Type  502  stainless  steels  at  880°  C  for  varying  exposure 
periods  in  air  are  depicted  in  Figure  21.  AISI  Type  446  stain¬ 
less  steel  exhibited  the  initial  formation  of  a  spinel  phase, 
FeO'Cr^O^,  after  a  3  hour  exposure.  Bands  attributable  to 
a  -  Fe^O^,  and  are  observable  but  faint.  Continuing 
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the  exposure  period  to  8  hours  produced  bands  of  a  dominant  Cr203 
phase,  a  spinel  phase,  Fe0.Cr203,  and  the  iron  rich  phases  of 
Fe203  and  Fe3C>4. 

Also  shown  in  Figure  21  is  an  in-situ  Raman  exposure  of 
AISI  Type  502  stainless  steel  under  identical  conditions.  The 
three  hour  exposure  in  air  produced  Raman  bands  suggesting 
a  -  Fe203,  FeO,  and  Cr2C>3.  The  spectrum  after  eight  hours  ex¬ 
posure  in  air  exhibited  a  decreasing  FeO  component  and  the  ini¬ 
tial  formation  of  a  Fe0*Cr203  phase.  The  bands  attributable  to 
Cr203  were  also  present,  but  of  greater  intensity  on  the  AISI 
Type  446  alloy  exposure.  Following  the  three  and  eight  hour 
in-situ  exposure  analyses,  air  cooling  of  the  samples  was 
permitted.  Once  cooled  to  ambient  temperatures,  Raman  analy¬ 
sis  was  performed  to  investigate  the  possibility  of  Cr2N  forma¬ 
tion.  This  phase  is  expected  to  nucleate  on  pure  chromium  upon 
air  cooling  from  elevated  temperatures.  The  Raman  spectral 
analysis  did  not  detect  a  Cr2N  component  in  the  film.  Upon 
completion  of  the  Raman  analysis,  the  air  cooled  sample  was 
mounted  and  prepared  for  scanning  electron  microscopy  investi¬ 
gations.  Following  comparison  with  an  identically  exposed,  but 
water  quenched  sample,  it  was  apparent  that  surface  morphologi¬ 
cal  features  can  be  considerably  affected  by  cooling  rate  and 
method.  The  micrographs  can  be  compared  in  Figure  22. 

The  in-situ  spectra  in  Figure  21  can  be  compared  to  the 
ex-situ  spectra  in  Figure  15  and  Figure  16.  The  majority  of 
in-situ  Raman  spectral  bands  also  appeared  in  the  ex-situ  Raman 
spectra.  This  was  evident  in  both  the  AISI  Type  446  and  AISI 
Type  502  stainless  steel  sample  exposure  spectra.  The  shorter 
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exposure  periods  for  in-situ  investigation  show  initial  sur¬ 
face  oxidation  products  which  may  be  different  than  longer  ex¬ 
posure  term  oxidation  products.  The  in-situ  spectra  exposure 
period  may  not  have  been  long  enough  to  allow  all  bands  to 
fully  develop.  Surface  preparation  techniques  could  have  intro¬ 
duced  surface  impurities  which,  not  being  exactly  reproducible, 
lead  to  spectral  differences.  In  general,  the  ex-si tu  and  in- 
situ  spectra  are  similar.  In-situ  investigation  may  not  be  as 
necessary  in  elevated  temperature  oxide  film  investigation  as  in 

aqueous  passive  film  studies  where  hydration  and  dehydration  of 

4 

the  film  is  an  important  consideration.  O' Grady  discusses 
the  film  hydration  mechanism  and  the  role  of  water  in  passive 
film  structures  on  iron. 

The  Effects  of  Surface  Preparation:  Surface  preparation  proce¬ 
dures  had  observable  influences  upon  infrared  reflection  spec¬ 
tra,  but  were  unnoticible  on  Raman  spectra.  Chemical  cleaning 
followed  by  mechanical  polishing  as  well  as  soley  mechanical 
polishing  preceeded  various  oxidation  exposures.  Chemical  clean¬ 
ing  followed  by  oxidation  produced  poor  infrared  reflectance 
spectra,  but  had  little  effect  on  Raman  spectra  quality.  It 
was  determined  that  mechanical  polishing  was  required  for  good 
quality  infrared  reflectance  spectra,  but  was  not  required  to 
obtain  decent  Raman  spectra. 

OXYGEN  EXPOSURES 

Armco  Iron  Oxidation:  The  infrared  reflection  spectra  of  Armco 
iron  exposed  at  various  temperatures  in  pure  oxygen  are  shown 
in  Figure  23.  A  close  resemblance  exists  between  these  spectra 
and  those  obtained  by  Mer tens'*'. 
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Increases  in  exposure  temperatures  produced  band  intensity 
increases  probably  resulting  from  surface  film  thickening.  Cer¬ 
tain  band  frequencies  were  common  to  all  spectra  suggesting 
similar  surface  oxidation  products.  A  marked  change  in  band 
intensities  occurred  between  the  460°  C  and  880°  C  exposures 
as  indicated  by  the  427  cm,  501  cm-*  and  667  cm-*  bands.  The 
427  cm  *  and  501  cm  *  bands  exhibited  a  decreasing  intensity 
trend  at  670°  C,  but  returned  to  approximately  one-half  the 
460°  C  exposure  intensity  at  the  880°  C  exposure.  An  opposite 
trend  was  observed  for  the  667  cm-*  band  through  the  460°  C  to 
880°  C  exposure  sequence.  The  667  cm-*  band  at  670°  C  was  al¬ 
most  double  the  intensity  exhibited  by  the  same  band  in  the  460° 

C  and  880°  C  exposures. 

The  oxidation  process  on  iron  at  the  specified  exposure 
temperatures  probably  results  in  the  formation  of  surface  oxida¬ 
tion  products  initially  rich  in  y  -  Fe2C>3  and  Fe304.  Fe3°4  is 

believed  to  be  a  "secondary"  oxidation  product  in  this  case  due 
to  its  limited  presence.  The  pure  oxygen  oxidizing  atmosphere 

favors  the  Fe-O,  formation  over  Fe.,0.. 

2  3  3  4 

The  lower  exposure  temperatures  produced  surface  oxidation 
products  of  Fe-^O^  and  Fe2C>3.  The  utilization  of  X-ray  analysis 
permitted  the  identification  of  both  polymorphs  of  Fe203, 
a  -  Fe2C>3  and  y  -  Fe203,  as  well  as  Fe30^. 

Initial  growth  of  the  667  cm-*  band  suggested  a  dominant 
y  -  Fe203  phase  in  the  surface  oxidation  product.  With  increased 
exposure  temperature,  the  y  -  Fe203  component  of  the  surface 
oxidation  product  decreased  while  the  a  -  Fe203  bands  were  en- 


-42- 


hanced  at  427  cm-1  and  505  cm-1.  X-ray  analysis  confirmed  the 
compound  identifications. 

Figure  24  presents  the  Raman  spectra  for  Armco  iron  ex¬ 
posed  at  various  temperatures  in  pure  oxygen.  The  spectra  ob¬ 
tained  contain  certain  bands  at  230  cm"\  300  cm  \  421  cm  \ 
and  617  cm-'1'  at  all  oxidizing  temperatures  which  demonstrated 
the  presence  of  a  -  Fe2°3  anc*  Fe3°4*  T^e  ^an<^s  at  617  cm-'1'  and 
662  cm  ^  were  evidence  for  the  existence  of  FeO  at  the  670°  C 
and  880°  C  exposure  temperatures.  X-ray  methods  confirmed  the 
presence  of  an  FeO  component  in  the  surface  oxidation  product. 

FeO  was  not  positively  identified  via  infrared  reflectance 
analysis,  as  were  and  Fe^O^,  so  X-ray  analysis  was  utilized 

to  confirm  the  Raman  spectral  results. 

Chromium  Oxidation:  The  infrared  reflectance  spectra  of  chro¬ 
mium  exposed  in  pure  oxygen  at  various  elevated  temperatures 
are  presented  in  Figure  25.  The  band  of  greatest  intensity  ap¬ 
peared  at  715  cm  1  which  was  inherent  in  all  spectra.  Above 
the  460°  C  exposure  temperature  numerous  other  bands  appeared  at 
595  cm  \  524  cm  \  438  cm  ,  and  404  cm  The  bands  at  595 
cm  \  438  cm  ^  and  404  cm  ^  did  not  develop  significantly  in 
the  lower  exposure  temperature  spectra.  Perhaps  this  is  related 
to  a  minimum  film  thickness  limit  being  attained  before  these 
bands  are  spectrally  resolvable. 

The  only  surface  oxidation  product  identified  on  chromium 
under  these  conditions  was  CrjO^.  Mertens1-  reports  a  major 
band  in  the  reflectance  spectra  between  720  cm  ^  and  740  cm 
and  attributes  this  to  a  longitudinal  vibration  mode.  This 
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band  was  not  present  in  either  the  reflectance  or  transmission 

spectra  in  this  experiment.  However,  the  715  cm~^  band  could 

be  attributed  to  the  longitudinal  modes  reported  by  Mertens^". 

24 

McDevitt  and  Baun  do  not  report  any  absorption  bands  of 
in  the  720-740  cm  ^  region  either.  The  very  low  intensity  bands 
above  the  850  cm  ^  region  could  be  attributed  to  chromium  exist¬ 
ing  in  a  higher  oxidation  state  than  normally  found  in  C^O^". 
Scale  adherence  was  poor  and  sample  handling  was  minimized  to 
prevent  scale  flaking. 

The  Raman  spectra  for  chromium  exposed  in  pure  oxygen  at 
elevated  temperatures  are  shown  in  Figure  26.  The  spectral 
band  of  greatest  intensity  is  at  563  cm  Lower  intensity 

bands  are  located  at  610  cm  \  342  cm  \  and  305  cm  \  All  of 
the  above-mentioned  bands  were  common  to  all  spectra  regardless 
of  exposure  temperature  and  differed  only  in  their  relative  in¬ 
tensities.  The  sole  surface  oxidation  product  was  determined 
to  be  C^O-j.  As  previously  mentioned,  has  been  reported 

to  be  the  sole  oxidation  product  on  chromium  after  heating  in 

,  o  15 

oxygen  at  various  temperatures  below  1600  C  .  Experimental 

evidence  in  this  investigation  confirmed  this  finding. 

Stainless  Steel  Oxidation:  Figures  27  and  28  show  the  infrared 

reflectance  spectra  for  AISI  Type  446  and  AISI  Type  502  stainless 

steel  oxidized  in  pure  oxygen  at  various  temperatures  for  a  15 

hour  period.  The  most  prominent  bands  in  both  cases  are  between 

550  cm  ^  and  750  cm  \  Bands  of  lesser  intensity  were  observed 

below  the  550  cm  ^  region. 
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At  higher  exposure  temperatures,  band  multiplicity  was 
greater  and  low  intensity  bands  arose  in  the  higher  wavenumber 
regions  of  1150  cm-'*'  to  1300  cm"*'.  The  dominant  bands  at  higher 
exposure  temperatures  were  between  600  cm  *"  and  750  cm  *"  and 
can  be  attributed  to  spinel  formation.  According  to  Mertens\ 
a  stoichiometric  spinel  (FeO-C^O^)  wou-3  produce  a  single,  rea¬ 
sonably  symmetric  band  in  this  wavenumber  region.  Due  to  com¬ 
positional  differences  between  the  AISI  ^vne  446  and  AISI  Type 
502  stainless  steels,  identical  oxidation  conditions  produced 
spinels  of  unequal  stoichiometry.  AISI  Type  446  stainless 
steels,  being  richer  in  chromium,  produced  a  surface  spinel 
richer  in  chromia  than  in  iron  oxides  and  this  caused  slight 
band  frequency  shifts  to  higher  wavenumbers  relative  to  a  stoi¬ 
chiometric  spinel.  AISI  Type  502  stainless  steel,  containing 
about  21%  of  the  amount  of  chromium  in  AISI  Type  446  stainless 
steel,  produced  a  surface  spinel  more  rich  in  the  iron  oxides. 
This  had  the  effect  of  producing  band  frequency  shifts  to  lower 
wavenumber  values  relative  to  a  stoichiometric  spinel. 

Multiple  shoulders  on  the  low  frequency  side  of  a  dominant 
713  cm  ■*"  band  on  the  880°  C  exposure  of  AISI  Tyoe  502  stainless 
steel  hints  at  the  existence  of  a  spinel  and  a  possibility  of 
an  a  -  Fe2C>2  constituent.  Bands  in  the  region  of  710  cm  *"  to 
720  cm  ^  are  attributable  to  but  the  bands  at  530  cm  *" 

are  direct  evidence  of  a  component  in  the  surface  oxidation 

product. 

The  higher  frequency  bands,  which  occurred  in  both  AISI 
Type  446  and  AISI  Type  502  stainless  steel  spectra  at  1150  cm  *" 
to  1300  cm  *",  may  be  attributed  to  Si-0  bands  in  a  SiC^  surface 


oxidation  product,  metal  silicate  phases,  or  chromium  of  a 
higher  oxidation  state.  Through  the  analytical  techniques 
utilized  in  this  investigation,  the  presence  of  metal  silicate 
phases  was  not  discovered.  * 

Spectra  at  lower  exposure  temperatures  exhibited  bands  in 
the  650  cm  1  to  660  cm  ^  region.  When  compared  to  the  reflec¬ 
tance  spectra  of  pure  iron  where  bands  of  similar  frequency  were 
assigned  to  a  -  Fe2C>2,  it  is  possible  to  make  an  analogous  assign 
ment  due  to  this  fact.  Spectral  bands  arising  at  lower  frequen¬ 
cies,  340  cm  ^  to  550  cm  ^  can  be  assigend  to  y  -  Fe2C>3  an<* 
components  of  the  surface  oxidation  product. 

The  Raman  spectra  for  these  alloys  subjected  to  identical 
conditions  are  shown  in  Figure  29  and  Figure  30.  The  lower 
exposure  temperatures  produced  Raman  bands  of  less  intensity 
than  the  exposures  of  higher  temperatures.  Bands  located  at 
225  cm  \  293  cm  \  and  415  cm  ^  can  be  attributed  to  an  a  -  Fe20 
component,  at  66  3  cm  ^  for  the  Fe^O^  component,  and  56  3  cm  ^  and 
305  cm  1  for  a  component  in  the  surface  oxidation  product. 

Both  AISI  Type  446  and  AISI  Type  502  stainless  steels  exhibited 
similar  low  exposure  temperature  oxidation  product  compositions. 
The  main  difference  in  spectra  was  the  relative  intensities  of 
the  bands  attributable  to  a  specific  compound.  For  example, 
the  bands  in  AISI  Type  4  46  stainless  steel  spectra  were 

initially  of  greater  intensity  than  those  same  bands  on  the  AISI 
Type  502  stainless  steel  spectra.  This  difference  could  be  of 
either  kinetic  or  compositional  origin;  perhaps  AISI  Type  446 
stainless  steel  initially  oxidizes  at  a  more  rapid  rate  produc¬ 
ing  "thicker",  more  spectrally  detectable  films,  than  AISI  Type 
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502  stainless  steel,  or  perhaps  the  AISI  Type  446  stainless 
steel  has  more  chromium  at  the  metal-gas  interface  available 
for  oxidation. 

With  increasing  exposure  temperatures  the  band  frequency 
shifts  and  band  intensity  increases  indicate  changes  in  the  sur¬ 
face  oxidation  products.  The  presence  of  a  -  Fe2<D3  is  confirmable 
through  the  bands  at  227  cm-1,  293  cm-1,  and  414  cm-1.  Cr2°3 

is  present  as  evidenced  by  the  bands  positioned  at  563  cm  \  342 
cm  \  and  305  cm  ^ .  An  emerging  FeO  component,  bands  at  616 
cm  ^  and  663  cm  \  was  identifiable  in  the  670°  C  exposure.  X- 
ray  diffraction  methods  were  utilized  to  confirm  the  FeO  pre¬ 
sence  since  the  Raman  bands  of  both  FeO  and  Fe-,0.  are  identical. 
The  X-ray  methods  were  utilized  before  Raman  analysis  to  insure 
that  the  FeO  was  truly  an  oxidation  product  due  to  the  elevated 
temperature  exposure  and  not  due  to  laser  decomposition  of  Fe3C>4  . 
At  the  maximum  exposure  temperature  of  880°  C  bands  attributable 
to  the  spinel  phase,  FeO'C^O^,  appeared.  The  spinel  formation 
on  AISI  Type  502  stainless  steel  occurred  to  a  smaller  extent 
than  on  AISI  Type  446  stainless  steel.  The  bands  attributable 
to  were  of  equal  intensity  so  perhaps  the  surface  oxida¬ 

tion  product  on  AISI  Type  502  stainless  steel  remains  rich  in 

rather  than  contributing  all  to  form  a  dominant  spi¬ 

nel  phase. 

The  Raman  bands  attributable  to  SiC>2  (a-quartz)  at  4  46  cm  ^ 
were  observed  on  both  AISI  Type  446  and  AISI  Type  502  stainless 
steel  indicating  the  possiblity  of  a  silica  component  in  the 
surface  oxidation  product. 


■s  •nme**#  ■ 
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Exposure  Period:  The  effect  of  exposure  period  in  pure  0^  was 
investigated  for  the  AISI  Type  446  and  AISI  Type  502  stainless 
steels.  In  Figure  31  the  infrared  reflectance  spectra  for  these 
alloys  at  670°  C  for  10  and  24  hours  is  shown.  The  effect  of 
increased  exposure  period  was  to  increase  band  intensities,  band 
multiplicity,  and  achieve  a  greater  band  resolution.  An  analo¬ 
gous  interpretation  can  be  obtained  for  the  Raman  spectra  of 
those  alloys  under  identical  conditions  which  are  shown  in  Fig- 
gure  32. 

Caution  must  be  used  during  interpretation  of  the  effect 

of  exposure  period  on  spectral  characteristics.  The  optical 

constants  (reflectivity,  absorptivity,  index  of  refraction)  play 

an  important  part  in  the  morphology  and  intensity  of  a  spectrum. 

For  example,  the  absorption  constants  (k^)  for  iron  oxides  have 

such  variety  that  the  sensitivity  to  detect  each  oxide  varies 

markedly.  For  this  reason,  relative  band  intensities  do  not 

necessarily  suggest  the  composition  of  the  thickness  of  a  sur- 

25  26 

face  film.  Francis  and  Ellison  as  well  as  Greenler  discuss 
this  problem  in  detail. 

The  exposure  periods  of  10  and  24  hours  may  not  have  been 
extensive  enough  to  observe  the  nucleation  of  some  possible  sur¬ 
face  oxidation  products.  Kinetic  effects  were  not  of  direct 
importance  in  this  investigation,  and  the  possibility  of  the 
formation  of  compounds  which  may  form  under  different  exposure 
lengths  is  realized. 

"In-Si tu”  Spectra;  In-si tu  Paman  spectra  for  AISI  Type  446  and 
AISI  Type  502  stainless  steels  are  presented  in  Figure  33.  Both 
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the  AISI  Type  446  and  AISI  Type  502  stainless  steel  samples 
were  run  under  identical  conditions  —  880°  C  in  pure  oxygen 
for  3  and  8  hour  exposure  periods. 

The  3  hour  exposure  of  AISI  Type  446  stainless  steel  ex¬ 
hibited  bands  attributable  to  a  -  Fe^O^  at  227  cm  \  293  cm  \ 
and  416  cm-'*'.  Also,  Cr2°3  bands  were  observed,  though  faint,  at 
30  5  cm  \  342  cm  and  56  3  cm  \  A  spinel  phase,  FeO-C^O^, 
was  nucleated  at  625  cm  ^  with  a  small  shoulder  at  630-635  cm 
The  upward  shift  in  wavenumbers  relative  to  a  stoichiometric 
spinel  indicated  a  spinel  phase  rich  in  chromia.  A  band  at 
463  cm-"*"  indicated  the  possible  presence  of  a  Si02  component  in 
both  the  3  and  8  hour  exposure  periods.  The  8  hour  exposure 
of  AISI  Type  446  stainless  steel  resulted  in  greater  band  in¬ 
tensities  than  the  3  hour  exposure  under  identical  conditions. 

The  8  hour  exposure  resulted  in  a  decreasing  band  intensity  of 
the  Cr2C>3  surface  oxidation  product  component  and  a  resulting 
increase  in  the  spinel  band  at  625  cm  ^ . 

The  3  hour  exposure  of  AISI  Type  502  stainless  steel  pro¬ 
duced  bands  also  attributable  to  a  -  Fe2C>2  at  229  cm  295  cm  \ 
and  415  cm  ■*■.  Bands  assignable  to  Cr202  were  exhibited,  faintly 
again,  at  305  cm  \  342  cm  \  and  56  3  cm  \  Both  the  3  and  8 
hour  exposures  exhibited  a  466  cm  ^  band  suggesting  the  possi¬ 
bility  of  a  silica  component  in  the  surface  oxidation  product. 
Again,  an  increased  exposure  period  resulted  in  an  increase  in 
band  intensity  under  identical  oxidizing  conditions.  The  spinel 
phase  of  the  surface  oxidation  product  arose  in  both  the  3  and 
8  hour  exposures  at  592  cm-1.  The  band  frequency  shift  to  lower 
wavenumber  "  es  relative  to  a  stoichiometric  spinel  composi- 
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tion  suggest  a  spinel  phase  rich  in  iron  oxides.  There  was  not 
a  corresponding  C^O-j  band  intensity  decrease  with  an  increase 
in  the  spinel  band  intensity  when  comparing  the  3  and  8  hour 
exposures.  There  were,  however,  small  changes  in  the  band  attri 
butable  to  a  -  Fe20j. 

With  little  or  no  alteration  of  bands  attributable  to  C^O.^ 
when  comparing  3  and  8  hour  in-si tu  spectra  and  some  changes  in 
Fe203  band  morphologies  it  is  possible  to  see  a  spinel  phase 
with  a  dominant  iron  oxide  component  in  the  AISI  Type  502  stain¬ 
less  steel  exposures.  This  is  not  the  case  for  AISI  Type  446 
stainless  steel  and  band  alterations  did  occur.  These 

band  alterations  along  with  band  frequency  shifts  to  higher  wave 
number  values  relative  to  a  stoichiometric  spinel  composition 
suggest  a  spinel  phase  rich  in  a  chromia  component. 

SUMMARY  AND  CONCLUSIONS 

The  use  of  Raman  and  infrared  reflectance  spectroscopy 
simplifies  existing  analytical  techniques  for  oxide  film  analy¬ 
sis.  Film  alteration  is  virtually  eliminated  during  analysis 
with  in-situ  methods  and  they  can  easily  be  adapted  to  suit 
experimental  conditions.  These  spectroscopic  disciplines  were 
complementary  in  the  sense  that  where  one  technique  was  not 
sensitive,  the  other  could  be  relied  upon  for  the  required 
structural  information. 

It  was  demonstrated  that  Raman  spectroscopy  is  an  effective 
analytical  method  for  oxide  film  investigation.  In-situ  tech¬ 
niques  are  simple  and  provide  easily  interpre table  results. 
Synthesized  spinel  compounds  compared  well  with  the  surface 
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species  formed  at  elevated  exposure  temperatures  on  the  stain¬ 
less  steel  alloys.  X-ray  confirmation  of  the  infrared  and  Raman 
analyses  satisfied  the  confirmability  stipulation  placed  on  the 
ideal  surface  analysis  techniques.  Although  sample  decomposi¬ 
tion  due  to  radiation  absorption  could  be  a  problem  with  the 
darker  colored  surface  compounds,  decomposition  due  to  the  ex¬ 
citation  beam  was  a  less  serious  problem  with  the  brown,  red, 
and  orange  colored  surface  compounds. 

Infrared  reflectance  spectroscopy  was  also  demonstrated  to 
be  a  sensitive  oxide  film  analysis  technique.  The  use  of  high 
surface  area  powders,  necessary  for  transmission  spectra  of 
solids,  is  eliminated  by  using  reflectance  spectroscopy.  This 
minimizes  thermal  decomposition  problems.  Also,  in  an  attempt 
to  thermally  stabilize  these  powders,  an  inert  binding  matrix 
such  as  KBr  or  Nujol,  is  used  which  may  limit  the  spectral  re¬ 
gions  that  can  be  scanned  unobs tructi ve ly .  For  these  reasons 
reflectance  spectroscopy  is  easily  utilized  for  oxide  film 
analysis  with  minor  optical  considerations. 

Oxide  film,  analysis  on  AISI  Type  446  stainless  steel  in¬ 
dicated  the  prevalent  oxide  phases  to  be  Fe^O^  and  at 

lower  exposure  temperatures.  The  AISI  Type  502  stainless  steels 
analyses  were  similar  to  the  AISI  Type  446  analyses  with  the 
exception  of  lower  intensity  bands.  Higher  exposure 

temperatures  produced  spinels,  FeO-C^O^,  and  Cr^O^  as  oxida¬ 
tion  products.  The  presence  of  Fe^O^  is  noted,  but  bands  at¬ 
tributable  to  this  phase  were  of  low  intensity. 

AISI  Type  502  stainless  steel  displayed  spinel  spectral 
characteristics  similar  to  those  synthesized  spinels  which  were 
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iron  oxide  rich.  There  was  a  band  frequency  shift  to  higher 
frequencies  for  chromium  oxide  rich  spinel  phases. 

Scanning  electron  microscopy  showed  scale  flaking  and  crack¬ 
ing.  Morphological  surface  features,  such  as  nodules,  suggested 
localization  of  scale  breakthrough  sites.  The  stratified  nature 
of  the  scale  is  evident.  Air  cooling  produced  noticible  surface 
morphology  differences  from  water  quenching  as  shown  by  scanning 
electron  microscopy  in  Figure  22. 

In-situ  Raman  analysis  exhibited  increasing  spectral  en¬ 
hancement  and  resolution  with  increasing  exposure  period.  Un¬ 
fortunately,  the  noise  level  also  increased,  but  with  the  use 

of  computer  of  average  transient  (CAT)  devices  spectral  averag- 

27 

mg  techniques  can  reduce  this  interference  .  Band  intensi¬ 
ties  increased  due  to  thickening  films.  Initial  Fe2C>3  and  Cr2C>3 
formation  was  noticible  on  AISI  Type  446  stainless  steel  with 
faint  traces  of  FeO  and  Fe-^O^.  As  the  exposure  period  increased, 
the  spinel  phase  FeO.Cr2C>3,  emerged  at  the  expense  of  FeO  which 
vanished.  AISI  Type  502  stainless  steel  followed  a  similar 
reaction,  but  due  to  a  lower  chromium  content  than  AISI  Type 
446  stainless  steel,  the  bands  attributable  to  Cr2C>3  were  of 
lower  intensity. 

The  effects  of  the  two  exposure  media,  air  and  pure  oxy¬ 
gen,  were  very  similar.  Micros  true tural  surface  morphologies 
were  not  distinguishable  between  the  samples  exposed  to  air  and 
those  exposed  to  oxygen.  As  previously  mentioned,  the  major 
differences  result  from  quantitative  variations  between  the 
stable  oxides  under  the  given  exposure  conditions. 
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Since  Raman  analyses  required  no  mechanical  polishing, 
surface  preparation  time  was  minimal.  Infrared  analysis,  due 
to  the  reflection  process  involved,  required  a  mechanical  sur¬ 
face  preparation.  The  more  superior  the  surface  quality  ob¬ 
tained,  the  more  efficient  the  substrate  reflection  and  the 
less  of  an  intensity  loss  will  be  experienced. 
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TABLE  2 

EXPOSURE  CONDITIONS  AND  FILM  THICKNESS  MEASUREMENTS 


Material 

Exposure 
Tempera ture 
(°  C) 

Exposure 

Medium 

Exposure 

Period 

Film 

Thickness 

(A°) 

Armco  Fe 

880 

Air 

15 

6065 

880 

°2 

15 

5713 

6  70 

Air 

15 

1810 

6  70 

°2 

15 

1777 

460 

Air 

15 

1416 

460 

°2 

15 

1462 

250 

Air 

15 

305 

250 

°2 

15 

329 

Chromium 

880 

Air 

15 

1820 

880 

°2 

15 

2030 

6  70 

Air 

15 

1320 

6  70 

°2 

15 

1190 

460 

Air 

15 

560 

460 

°2 

15 

400 

250 

Air 

15 

(Undetectable) 

250 

°2 

15 

(Undetectab  le) 

AISI  Type 

446 

880 

Air 

3* 

— 

880 

Air 

8* 

— 

880 

Air 

15 

2405 

6  70 

Air 

10 

— 

6  70 

Air 

15 

1730 

6  70 

Air 

24 

— 

460 

Ai  r 

15 

515 

250 

Air 

15 

370 

AISI  Type 

446 

880 

°2 

3* 

— 

880 

°2 

3* 

— 

8  80 

°2 

15 

2510 

670 

°2 

10 

— 

670 

°2 

15 

1400 

6  70 

0  2 

24 

— 

460 

°2 

15 

725 

250 

°2 

15 

415 

‘Indicates  In-Situ  Analysis  was  Performed 
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Material 


AISI  Type 
502 


AISI  Type 
502 


TABLE  2  (CONT.) 


Exposure 

Temperature 


Exposure 

Medium 


Exposure 

Period 


880 

Air 

3* 

880 

Air 

8* 

880 

Air 

15 

670 

Air 

10 

6  70 

Air 

15 

6  70 

Air 

24 

460 

Air 

15 

250 

Air 

15 

880 

°2 

3* 

880 

°2 

8* 

880 

°2 

15 

6  70 

°2 

10 

6  70 

0  2 

15 

6  70 

0  2 

24 

460 

°2 

15 

250 

°2 

15 

Film 

Thickness 
(A°) _ 


3110 

1880 

900 

400 


2850 

2170 

735 

420 


Figure  1.  Schematic  of  the  elevated  tempera ture-vacuum-multiple 
gas  purging  system. 


Figure  2.  Schematic  of  the  specular  reflectance  apparatus. 


Figure  3.  Schematic  of  the  infrared  reflectance  attachments . 


Figure  5.  Schematic  of  the  reflectance  system. 


Figure  6.  Infrared  reflectance  spectra  demonstrating  the  neces 
sity  of  spectral  polarization. 
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Figure  7.  Schematic  of  a  typical  Raman  spectrometer 


Figure  9.  Schematic  of  the  etching  procedure  utilized  in 
sample  preparation  for  interference  microscopy. 
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Figure  10.  Infrared  reflectance  spectra  of  Armco  iron  exposed 
at  various  temperatures  in  air  for  15  hours. 
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Figure  12.  Raman  spectra  for  pure  chromium  exposed  in  air 
for  15  hours  at  elevated  temperatures. 


Figure  13.  Infrared  reflectance  apectra  for  AISI  Type  446 
stainless  steel  oxidised  in  air  for  IS  hours  at 
elevated  temperatures. 


Figure  14.  Raman  spectra  for  MSI  Type  446  stainless  steel 

oxidized  in  air  for  15  hours  at  elevated  temperatures 
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Figure  15.  Infrared  reflectance  spectra  for  AISI  Type  502 
stainless  steel  oxidized  in  air  for  15  hours  at 
elevated  temperatures. 
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Figure  16.  Raman  spectra  for  AISI  Type  502  stainless  steel 

oxidised  in  air  for  15  hours  at  elevated  temperatures. 
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e  17.  Scanning  electron  micrograph  of  AISI  Type  502 
stainless  steel  after  15  hours  exposure  in  air 
at  6 70°C . 


Figure  18.  Scanning  electron  micrograph  of  AISI  Type  446 
stainless  steel  after  15  hours  exposure  in  air 
at  670»C. 
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Figure  19.  Infrared  reflectance  spectra  for  AISI  Type  446  and 
AISI  Type  502  stainless  steels  oxidized  in  air  at 
670*C  for  10  and  24  hours. 
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Fiqure  21.  In-si tu  Raman  spectra  for  AISI  Type  446  and  AISI  Type 
502  stainless  steels  during  exposure  in  air  at  880*C 
for  3  and  8  hours. 


FREQUENCY/  cm'a 

Figure  24.  Raman  spectra  of  Armco  iron  exposed  at  various  tem¬ 
peratures  for  15  hours  in  pure  oxygen. 
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Figure  26.  Raman  spectra  of  chromium  exposed  at  various  temper¬ 
atures  for  15  hours  in  pure  oxygen. 
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Figure  27,  Infrared  reflectance  spectra  of  MSI  Type  446  stain¬ 
less  steel  exposed  at  various  temperatures  for  IS 
hours  in  pure  oxygen. 


FREQUENCY/  cm'1 


Infrared  reflectance  spectra  of  AISI  Type  502  stain 
less  steel  exposed  at  various  temperatures  for  15 
hours  in  pure  oxygen. 


FREQUENCY/  cm  * 

Raman  spectra  of  AISI  Type  502  stainless  steel  ex¬ 
posed  at  various  temperatures  for  15  hours  in  pure 
oxygen. 
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Figure  31.  Infrared  reflectance  spectra  for  AISI  Type  446  and 
AISI  Type  502  stainless  steels  exposed  at  670*C  for 
10  and  24  hours  in  pure  oxygen. 
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Figure  32.  Raman  apectra  for  AISI  Type  446  and  AISX  Type  502 
stainless  steels  exposed  at  670°C  for  10  and  24 
hours  in  pure  oxygen. 
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Figure  33.  In-situ  Raman  spectra  for  MSI  Type  446  and  AISI 
Type  So 2  stainless  steels  during  exposure  in  pure 
oxygen  at  880°C  for  3  and  8  hours. 
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